Abstract. MicroRNAs (miRNAs or miRs) are small, non-coding RNA molecules that play significant roles in numerous diseases. However, there is limited information regarding the plasma expression of miRNAs in patients with primary biliary cirrhosis (PBC) as well as the potential role of miRNAs in the development of PBC. miRNA microarray analysis was performed using plasma obtaind from three patients with PBC and three healthy controls. Reverse transcriptionquantitative polymerase chain reaction (RT-qPCR) was performed to confirm the differential expression of miRNAs in the plasma and peripheral blood mononuclear cells (PBMCs) isolated from 20 patients with PBC, 20 patients with chronic hepatitis B (CHB) and 20 healthy controls. These miRNAs in PBMCs and plasma were validated by linear regression analyses. The T cell subset frequency was analyzed by flow cytometry. Correlations between altered miRNA expression and the frequency of the T cell subsets were determined by linear regression analyses. The co-expression of miRNAs and IL-17A was examined using fluorescence in situ hybridization (FISH) and immunohistochemistry. The microarray analysis identified sixteen miRNAs that were differentially expressed. Four miRNAs were validated by RT-qPCR. The expression pattern of miR-572 and miR-92a in the PBMCs correlated with the expression pattern in plasma. We also found that miR-92a expression closely correlated with the frequency of a subset of IL-17-producing T helper cells (Th17), and that miR-92a was co-expressed with IL-17A in patients with PBC. Taken together, these findings revealed that plasma from patients with PBC has a unique miRNA expression profile. Moreover, miR-92a may play an important role in the pathogenesis of PBC by regulating Th17 cell differentiation.
Introduction
MicroRNAs (miRNAs or miRs) are a novel class of small, non-coding RNAs that post-transcriptionally regulate gene expression in eukaryotic organisms (1) . In humans, over 1,900 miRNAs have been reported (2), and 30% of human genes may be regulated by these miRNAs (3) . To date, it has been demonstrated that miRNAs are involved in various biological processes, including cell activation, differentiation and apoptosis (4, 5) . In addition, several miRNAs have also been found to be involved in the regulation of immune cell development and immune signaling pathways (6) . It has been previously reported that the aberrant expression of miRNAs may play significant roles in the pathogenesis of several autoimmune diseases (7) (8) (9) . For example, in systemic lupus erythematosus, miR-146 is downregulated; decreased miR-146 expression is associated with prolonged interferon (IFN) signaling, which results in increased disease activity (10) . In multiple sclerosis, miR-326 regulates the differentiatiation of a subset of interleukin (IL)-17-producing T helper cells (Th17) and levels correlate with the pathogenesis of the disease (11) .
Primary biliary cirrhosis (PBC) is an organ-specific autoimmune disease that is characterized by the presence of serum anti-mitochondrial antibodies (AMA) and immune-mediated destruction of the intrahepatic bile ducts (12, 13) . Although there has been a substantial increase in the prevalence of PBC, the pathogenesis of this disease remains unclear (14) . Mounting evidence suggests that CD4 + T cells play a critical role in immune-mediated cholangitis in PBC (15) . Traditionally, PBC has been associated with an imbalance of T helper type 1 (Th1)/T helper type 2 (Th2) cells as demonstrated by increased IFN-γ levels and decreased IL-10 and IL-4 levels (16, 17) . A previous study has detected a decrease in circulating FoxP3
+ regulatory T (Treg) cell frequency and an increase in Th17 frequency in the peripheral blood of patients with PBC, providing an opportunity to explore the mechanisms of PBC (18) . However, the underlying mechanisms that cause the imbalance in CD4 + T cells in PBC remain to be elucidated. The aim of the present study was to examine the expression pattern of miRNAs in the plasma and peripheral blood mononuclear cells (PBMCs) from patients with PBC, and to analyze the role of these miRNAs in the development of PBC.
Materials and methods
Study population. All 20 patients (16 females, four males; mean age, 43.2±10.5 years) were recruited from the Infectious Disease Department of Songjiang Central Hospital (Shanghai, China). The diagnosis of PBC was based on internationally established criteria (the consensus of diagnosis and treatment of PBC 2015). Twenty patients with chronic hepatitis B (CHB) and 20 healthy controls matched with PBC patients based on gender and age were also included in this study. The study was approved by the Research Ethics Committee of SongJiang Central Hospital (Shanghai, China), and written informed consent was obtained from each patient.
Sample preparation. Blood samples (10 ml) from each participant were collected in EDTA-treated tubes. Plasma was separated by centrifugation at 3,000 x g for 10 min, and PBMCs were isolated through density gradient centrifugation within 1 h (Lymphoprep; Axis-Shield, Oslo, Norway).
Microarray analysis. An Agilent human miRNA 18.0 microarray (Agilent Technologies, Santa Clara, CA, USA) was used to identify miRNAs in the plasma of three PBC patients and three healthy controls. Total RNA was extracted and purified using the mirVana™ isolation kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. The miRNA in total RNA was labeled and hybridized using the miRNA Complete Labeling and Hyb kit (Agilent Technologies). Slides were then scanned using an Agilent Microarray Scanner and Feature Extraction software 10.7 (both from Agilent Technologies). The raw data were normalized using the quantile algorithm, GeneSpring Software 11.0 (Agilent Technologies).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) verification of miRNA in plasma and PBMCs.
Differentially expressed miRNAs in the plasma and PBMCs from 60 samples were validated by RT-qPCR (including the samples used in miRNA array). Total RNA was isolated using an miRcute miRNA isolation kit (Tiangen Biotech Co., Ltd., Beijing, China). cDNA was synthesized from total RNA using miRNA-specific stem-loop RT primers and an miRNA Reverse Transcription kit (Takara Bio, Otsu, Japan). qPCR was performed using SYBR-Green PCR Master Mix and an ABI 7500 system (both from Applied Biosystems, Foster City, CA, USA). All reactions were performed in triplicate. The mean value of the threshold cycle (Ct) was calculated relative to U6, an endogenous RNA that served as a control. The relative expression of each miRNA was calculated using the 2 -ΔΔCt method.
Flow cytometric analysis. The PBMCs were isolated by density gradient centrifugation and incubated for 4 h at 37˚C in 5% CO 2 in the presence of 25 ng/ml phorbol myristate acetate, 1 µg/ml ionomycin and 2 µM monensin. 
Dual staining combining fluorescence in situ hybridization (FISH) and immunohistochemistry (IHC).
Firstly, the freshly-isolated PBMCs were incubated with 5 µg/ml anti-CD3, 2 µg/ml anti-CD28, 20 ng/ml IL-6, 2 ng/ml TGF-β1, 10 µg/ml anti-IFN-γ and anti-IL-4 (eBioscience, Inc.). Subsequently, 25 ng/ml phorbol myristate acetate, 1 µg/ml ionomycin, and 2 µM monensin were added and the cells were incubated for another 4 h. Finally, the cells were collected and seeded on polyane-covered slides.
For detection of miR-92a, the slides were fixed for 15 min at 25˚C with paraformaldehyde and washed in phosphate-buffered saline (PBS) three times. After digestion with proteinase K for 10 min at 25˚C, the slides were washed with PBS and hydrated in ethanol solutions. Hybridization with the DIG-labeled miR-92a probe, U6 (positive control), or scrambled miRNA (negative control) was performed for 1 h at 54˚C in hybridization buffer. Following hybridization, the sections were washed with 2X SSC, 1X SSC and 0.2X SSC, blocked with 4% horse serum, and incubated for 12 h at 4˚C with alkaline phosphatase-conjugated Fab-anti-DIG antibody (Cat. no. ab119345; Abcam, Cambridge, MA, USA) in 1% sheep serum. Staining was performed by TSA Plus Direct-Cyanine 3 deposition following the manufacturer's instructions (PerkinElmer, Inc., Waltham, MA, USA).
For IL-17A detection, the sections were first blocked using PBS-BB (PBS containing 0.2% powdered skim milk, 1 % bovine serum albumin and 0.3% Triton X-100) for 30 min, followed by incubation for 1 h at room temperature with the mouse anti-human IL-17A monoclonal antibody (Cat. no. 14-7179-82; eBioscience, Inc.). After washing, we used the TSA Plus Direct-Green kit according to the manufacturer's instructions (PerkinElmer, Inc., Shelton, CT, USA). Finally, the sections were incubated with 4' ,6-diamidino-2-phenylindole for 5 min, covered with coverslips and analyzed under a laser scanning confocal microscope (TCSSP2; Leica, Wetzlar, Germany).
Statistical analysis. For microarray analysis, Student's t-tests were used to differentiate the expression of miRNAs among the patients with PBC and the healthy controls. For RT-qPCR data, one-way analysis of variance (ANOVA) was used to determine overall differences between independent groups. The Spearman's correlation coefficient was used to evaluate correlations between variables. A p-value <0.05 was considered to indicate a statistically significant difference.
Results
miRNA expression profile in plasma obtained from patients with PBC. The microarray analysis of plasma from three patients with PBC and three healthy controls identified 16 miRNAs that were differentially expressed (Fig. 1) , and of these, nine miRNAs were upregulated and seven miRNAs were downregulated in the patients with PBC (Table I) .
RT-qPCR validation of miRNA microarray results. RT-qPCR was performed to confirm the differential expression of miRNAs identified by microarray analysis. In addition to comparisons with the healthy controls, 20 patients with CHB were also included in this study. Validation of miRNA expression was conducted in all samples (20 patients with PBC, 20 patients with CHB and 20 healthy controls). Among the 16 miRNAs, two miRNAs (miR-572 and miR-575) were upregulated in the plasma of patients with PBC compared with the healthy controls and the patients with CHB. Two miRNAs (miR-92a and miR-4516) were downregulated compared with the healthy controls and the patients with CHB ( Fig. 2A ). There were no differences in the expression of other miRNAs among the patients with PBC or CHB and the healthy controls (data not shown).
Expression patterns of miRNAs in PBMCs compared with those in plasma.
We also analyzed the expression of the four validated miRNAs in PBMCs from the patients with PBC or CHB, and the healthy controls using RT-qPCR. In the PBMCs, miR-572 was significantly increased in the patients with PBC compared with the healthy controls and patients with CHB. miR-575 was increased in the patients with PBC compared with the healthy controls; however, miR-575 levels did not differ from those in the patients with CHB. miR-92a was significantly decreased in the patients with PBC compared with the healthy controls and patients with CHB. miR-4516 expression was unchanged in the PBMCs from the patients with PBC compared with the healthy controls and patients with CHB, which differed from the plasma expression pattern (Fig. 2B) .
To determine whether there was a correlation between differentially expressed miRNAs in PBMCs and in plasma, Figure 1 . MicroRNA (miRNA or miR) profiling using microarray analysis. miRNA expression profiles were monitored across two groups: healthy controls (HC, right three columns) and patients with primary biliary cirrhosis (PBC, left three columns). Individual miRNA expression was calculated using the R platform and heat maps were generated. Student's t-tests were used to extract differentially expressed miRNAs. Sixteen miRNAs were identified in the two groups. Red indicates high levels of miRNA expression and green indicates low levels. Significant data are presented in Table I . Spearman's correlation analyses were performed. The results showed that expression of miR-572 and miR-92a in the PBMCs positively correlated with their expression in the plasma (Fig. 3B and C) . No significant correlations were observed between the expression of miR-575 in the plasma and in the PBMCs (Fig. 3A) .
Imbalanced T cell subsets in patients with PBC.
We examined the subset population of T cells from PBMCs isolated from patients with PBC or CHB, and healthy controls using flow cytometry. Th17 cell populations were increased in patients with PBC (2.9±1.1%) compared with those in patients with CHB (0.7±0.2%) and the healthy controls (0.8±0.2%) (Figs. 4A and 5A ). The Treg cell population was decreased in the patients with PBC (5.2±1.5%) vs. the patients with CHB (7.7±2.1%) and healthy controls (8.1±1.7%) (Figs. 4B and 5B).
Correlation between miRNAs and T cell subset frequencies.
We analyzed the relationship between differentially expressed miRNAs and the Th cell subset imbalance in the patients with PBC using Spearman's correlation analyses. These analyses revealed that miR-92a expression in the PBMCs inversely correlated with the Th17 cell population in the patients with PBC (Fig. 6A) ; however, there was no correlation with the frequency of Treg cells (Fig. 6B ). There was no correlation between the expression of other miRNAs and the frequencies of Th cell subsets (data not shown).
Co-expression of miR-92a and IL-17A in PBMCs isolated from patients with PBC.
To determine whether miR-92a is involved in Th17 cell differentiation, we evaluated the expression of miR-92a in PBMCs using sequential miR-92a FISH and IL-17A IHC. Double staining revealed that both miR-92a and IL-17A were observed in a subset of PBMCs from patients with PBC (Fig. 7C) . Additionally, all IL-17A-positive cells (Fig. 7B ) expressed miR-92a (Fig. 7A ).
Discussion
Changes in miRNA expression have been reported in several human diseases, including hepatocellular carcinoma (HCC) and lung cancer (19) (20) (21) . However, there is limited information regarding the expression of miRNAs in PBC (22) . In the present study, microarray analysis was performed in order to screen the miRNA expression profile in the plasma of patients with PBC. We identified 16 miRNAs that were differentially expressed. To determine whether these differentially expressed miRNAs are involved in the development of PBC, we confirmed their expression in PBMCs and plasma from patients with PBC or CHB as well as healthy controls using RT-qPCR. Our results showed that miR-92a and miR-4516 were downregulated in the plasma from patients with PBC compared with their expression in healthy controls and patients with CHB, whereas miR-572 and miR-575 were upregulated in the plasma from patients with PBC. However, the expression of other miRNAs was not significantly altered in the plasma from patients with PBC. In PBMCs, miR-572 expression was significantly increased in patients with PBC compared with that in the healthy controls and patients with CHB. miR-575 was increased in the patients with PBC compared with healthy controls; however, there was no difference in expression compared with that in the patients with CHB. miR-92a was significantly decreased in the patients with PBC compared with the healthy controls and patients with CHB. miR-4516 expression was unchanged in the PBMCs from patients with PBC compared with the healthy controls and the patients with CHB, which differed from the expression pattern in plasma. In order to determine whether differentially expressed miRNAs in plasma were derived from the immune system, correlation analyses of miRNA expression in the plasma and PBMCs were then performed. The results demonstrated that the expression of miR-572 and miR-92a in PBMCs positively correlated with the expression in the plasma. However, there was no correlation between miR-575 levels in the plasma and the PBMCs. We hypothesized that miR-575 upregulation may be derived from the overactivity of immune cells as well as from hepatocyte injury.
Immune cells, particularly CD4 + T cells, play an important role in immune-mediated cholangitis in PBC (15) . Traditionally, based on their cytokine production profile, CD4 + T cells are divided into two subsets: Th1 and Th2. Th1 cells, characterized by the production of IFN-γ, are responsible for immunity against intracellular pathogens, whereas Th2 cells, characterized by IL-4, IL-5 and IL-13 secretion, play important roles in clearing extracellular pathogens and mediating allergic responses (23) . Two additional subsets, Th17 and Treg, have been classified (24, 25) . Th17 cells belong to the proinflammatory Th cell subset, which induce tissue inflammation through IL-17A secretion, rather than IFN-γ or IL-4. Treg cells directly contact or secrete suppressive cytokines that suppress inflammation (26, 27) . Each subset plays a unique role, and the dysregulation of subset differentiation has been associated with disease (28, 29) . An imbalance between Th17/Treg cells has been reported in the progression of atherosclerosis (30) . In the present study, in addition to observing the altered expression of miRNAs in PBMCs, we also confirmed the frequency of T cell subsets in patients with PBC. Our results showed that Th17 cells were upregulated and Treg cells were downregulated in patients with PBC, which is in agreement with previous findings (18) .
Mounting evidence suggests that miRNAs are important modulators of Th cell differentiation and effector function. The first study regarding miRNA-mediated regulation of Th cell differentiation involved Dicer-deficient CD4 + T cells, which exhibited increased differentiation into the Th1 cell subset, with increased production of IFN-γ (31). Functional screens in DGCR8-deficient CD4 + T cells showed that the high expression of miR-29a in naive T cells inhibited Th1 cell differentiation and IFN-γ expression (32) . Several other miRNAs were also reported to regulate the differentiation and function of Th1 cells (33) (34) (35) . In addition to Th1 cell regulation, the miRNA-mediated regulation of other CD4 + T cells has also been studied. In miR-155 knockout (miR-155-KO or miR-155 -/-) mice, both Th1 and Th17 cells were defective (36) . Furthermore, the proportion and absolute number of Treg cells were also smaller in miR-155-deficient mice (37) . In summary, these studies indicated that miRNAs are essential for the differentiation of Th cell subsets. In the present study, we demonstrated an imbalance of Th17/Treg cells in patients with PBC, with an increased peripheral Th17 population and simultaneously decreased Treg population in the same subjects. To identify whether miR-572 and miR-92a were involved in the differentiation of Th cells in patients with PBC, we performed correlation analyses in order to examine the expression of miRNAs and the frequency of Th cells. We found that miR-92a expression in the PBMCs inversely correlated with the Th17 cell population in patients with PBC; however, there was no correlation between miR-92a expression and the frequency of Treg cells. There was no correlation between the expression of other miRNAs and the frequencies of Th cell subsets.
Th17 cells are a new subset of Th cells which have been implicated in the etiology and pathology of many autoimmune diseases, including psoriasis, multiple sclerosis, colitis, rheumatoid arthritis (RA) and asthma (38) . Previous research has reported that miRNAs expressed in IL-17-producing T cells may regulate the differentiation of Th17 cells. In patients with RA, miR-146a was co-expressed with IL-17 in PBMCs isolated from patients with early-stage disease, and was associated with Th17 differentiation (39) . In addition to direct regulation by miRNAs, Th17 cell differentiation may be indirectly affected by miRNAs that target genes in immune cells other than CD4 + T cells. For example, miR-155 regulates Th17 cell differentiation by modulating Th17 cell-polarizing cytokine secretion by dendritic cells (40) . To determine whether miR-92a plays a T cell-intrinsic role in Th17 cell differentiation or an indirect role in the regulation of other genes in immune cells, we performed sequential miR-92a FISH and IL-17A IHC using TSA Plus Direct-Cyanine 3 and TSA Plus Direct-Green. We found that miR-92a was co-expressed with IL-17A in the PBMCs, suggesting that miR-92a may directly regulate Th17 cells in patients with PBC. However, more studies are warranted in order to clarify whether alternative transcripts are regulated by miR-92a during the pathogenesis of PBC.
Taken together, these findings demonstrate that miR-92a was downregulated in patients with PBC. There was an inverse correlation between miR-92a expression and the Th17 cell population, and miR-92a was co-expressed with IL-17A in PBMCs isolated from patients with PBC. Our study suggests that miR-92a may be involved in the imbalance of Th cell subsets, particularly the upregulation of Th17 cells, which may play an important role in the development of PBC. However, due to limitations in the number of subjects and methods used in the present study, the association between miR-92a expression and Th cell differentiation in patients with PBC was not completely resolved. Further studies are warranted to elucidate the precise relationship between miR-92a and Th cell differentiation, as well as the mechanisms responsible for the miR-92a-mediated regulation of Th cell differentiation in patients with PBC.
